Purpose Pancreatic adenocarcinoma is an untreatable cancer with a 5-year survival rate of about 6 % or less for the past 35 years. This lack of significant progress is largely due to the lack of elucidation and understanding of the factors involved in the development of this cancer. Recent studies identified and implicated zinc in the development and progression of pancreatic cancer. This study was conducted to establish the changes in zinc, ZIP3 zinc transporter, and Ras-responsive elementbinding protein 1 (RREB-1) transcription factor as early events in the development of malignancy. Methods In situ relative zinc determination and immunohistochemical analysis of ZIP3 and RREB-1 were performed on archived human pancreatic tissue sections and tissue microarrays. Normal/benign versus adenocarcinoma pancreas was compared. Panc1 cells were employed to determine the influence of RREB-1 on ZIP3 expression.
Introduction
Pancreatic cancer (adenocarcinoma) is a highly lethal disease with the worst prognosis of all the major malignancies. Of the~37,000 new cases/year, 33,000 will result in death [1] . The lack of significant progress in dealing with pancreatic cancer is evident from the 5-year survival rate, which has remained at~6 % or less for the past 35 years. Such statistics demonstrate the absence of and need for effective treatment of pancreatic cancer once it has been diagnosed and for effective biomarkers for early detection. A major contributing factor for this lack of significant progress is the lack of elucidation and poor understanding of the factors and events involved in the development of malignancy and its progression to advanced stages.
Recent studies [2] have implicated zinc as an important factor in the development and progression of pancreatic cancer. The cellular zinc levels are markedly decreased in ductal and acini epithelium in adenocarcinoma as compared to the higher zinc levels in the normal ductal and acini epithelium. The decrease in zinc is evident in well-differentiated malignancy and persists in the advancement to moderately and poorly differentiated malignancy. Concurrent with the decrease in zinc, ZIP3 zinc uptake transporter and RREB-1 (Ras-responsive element-binding protein 1) transcription factor are downregulated. The fact that these changes are evident in the early stage adenocarcinoma is indicative of the likelihood that the changes are initiated in the transformation of the normal cell to the malignant cell. As such, one could expect that the decrease in zinc and the downregulation of ZIP3 and RREB-1 will be evident in premalignant cells/lesions that lead to the development of malignant cells. Presently, pancreatic intraepithelial neoplasia (PanIN) is considered to be precancerous lesions that give rise to the malignant cells [3] [4] [5] .
In this report, we have focused on the identification of decreased zinc and downregulation of ZIP3 and RREB-1 in the transformation of the normal epithelium to early stage malignancy, with focus on PanIN lesions. We also further corroborate the decrease in zinc in adenocarcinoma as compared to normal/benign pancreatic epithelium.
Material and Methods
Zinc, Zip3, and RREB-1 levels were determined and compared in archived pancreatic tissue sections provided by Dr. Desouki and tissue micro-array (TMA) slides (obtained from US Biomax, Inc). The study included a total of 26 cancer cases and 18 normal/benign cases. The results presented below are representative of the status that exists in these cases.
The dithizone (DTZ) staining for zinc and the immunohistochemistry (IHC) for ZIP3 and RREB-1 are described in [2] . For capturing and storing digital images of the slide sections and cores, we employed the Aperio ScanScope Digital Slide Scanner system and/or the Reichert Omega Model #4000 microscopy system equipped with high-definition, twomegapixel cameras and a desktop computer [2] . Because the intensity of the staining methods has considerable variability, all studies were conducted simultaneously with a normal/ benign tissue and an adenocarcinoma tissue to establish relative differences under the same staining conditions. Panc1 cells obtained from ATCC were cultured under standard conditions in DMEM medium supplemented with 2 % FBS and 1 % penicillin-streptomycin mixture [2] . RREB-1 siRNA and non-targeting siRNA were obtained from Dharmacon RNAi Technologies. Twenty-four hours after plating in 12-well plates, the Panc1 cells were transfected with 50 nM RREB-1 siRNA or non-targeting siRNA using DharmaFECT 2 Transfection Reagent (Dharmacon) following the manufacturer's instructions. Forty-eight hours after the siRNA transfections, the cells were either fixed and stained for ZIP3 or RREB-1 by IHC or collected, and whole cell lysates were prepared for western blot analysis of ZIP3 and RREB-1 abundance.
For western blot analysis, proteins in the whole cell lysates were separated by SDS-PAGE gel electrophoresis, transferred to nitrocellulose membranes, and incubated overnight with ZIP3 antibody. The nitrocellulose membranes were then stripped of antibody and re-probed using RREB-1 antibody. The same membranes were then re-probed with β-actin antibody for loading controls (ICN Biomedicals). Figure 1 is a typical representation of the comparative in situ DTZ staining for relative levels of zinc in normal/benign Figure 1 compares a tissue section from a non-cancer case versus a tissue section from a confirmed pancreatic adenocarcinoma case. The benign tissue section exhibits high Zn-DTZ staining of the acini and ductal epithelium. In contrast, a major loss of zinc is apparent in the adenocarcinoma section. In addition, the PanIN lesion epithelium as well as the carcinoma cells exhibits the loss of zinc. This specific loss of detectable zinc is further confirmed by the retention of high Zn-DTZ staining of the islet cells in the adenocarcinoma field. Islet beta cells are known to contain high zinc levels. Figure 2 compares zinc levels of pancreatic adenocarcinoma and an adjacent matched benign tissue. The benign tissue section exhibited ducts and acini that contained relatively high Zn-DTZ staining in contrast to the loss of zinc in the adenocarcinoma tissue section. Figure 3 shows the loss of zinc in a very early welldifferentiated adenocarcinoma. The section shows the presence of well populated acini along with well-differentiated malignant ducts (compare Fig. 3b with d) , all of which exhibit zinc loss. Also apparent is the loss of zinc in a very early low-grade PanIN epithelium.
Results
Another case (Fig. 4) provided an archived tissue section that had been confirmed as adenocarcinoma. However, upon applying DTZ staining, a small region was noticeably heavily stained as compared to the expected very low Zn-DTZ staining of the remainder of the cancer tissue section. Higher magnification revealed that the heavily stained region was populated with "normal appearing acini and ducts", which would be consistent with its higher Zn levels as compared to the very low Zn level in the main adenocarcinoma region of the tissue section.
We then performed ZIP3 IHC on serial sections of the normal and adenocarcinoma sections employed for DTZ staining in Fig. 1 . Figure 5 shows the high abundance of ZIP3 transporter with localization at the plasma membrane of the ductal and acinar epithelium. In contrast, ZIP3 transporter is virtually absent in adenocarcinoma and in PanIN. Similarly, ZIP3 IHC of normal pancreas and adenocarcinoma TMA cores (Fig. 6 ) also reveals high abundance of ZIP3 transporter, especially basilar membrane localization, in the normal epithelium. In contrast, ZIP3 transporter is virtually absent in carcinoma and PanIN epithelium. Figure 7 also shows the loss of basal membrane ZIP3 transporter in malignant duct and in the epithelium of a PanIN-1A early lesion. The consistent loss of ZIP3 is especially important because the basilar transporter in normal ductal and acinar epithelium is responsible for the cellular uptake and accumulation of zinc. Therefore, the absence of the transporter is likely an important factor in the decrease of zinc in carcinoma and PanIN. Figure 8 shows the RREB-1 IHC of serial sections of the DTZ-stained slides shown in Fig. 2 . The benign tissue section from this adenocarcinoma case shows distinct nuclear staining of the ductal and acinar epithelium. In contrast, the carcinoma tissue section shows a marked decrease or absence of nuclear REBB-1 transcription factor. Figure 9 compares RREB-1 in cases of cancer adjacent normal cores versus adenocarcinoma cores. Nuclear RREB-1 staining is prominent in the normal ductal and acinar epithelium. In contrast, RREB-1 is markedly decreased in adenocarcinoma and in PanIN lesions. Figure 10 compares the RREB-1 abundance in tissue sections from a benign case with chronic pancreatitis evidenced by fibrous stroma, paucity of ductal and acinar epithelium as well as infiltration with mononuclear inflammatory cells versus a It is especially important to note that the benign acini as well as ductal epithelium are architecturally distorted and markedly atrophic due to the chronic pancreatitis. Despite this, the expression of RREB-1 is retained as in normal pancreas. This provides evidence that the downregulation of RREB-1 in carcinoma and in PanIN is a cancerspecific effect. Figure 11 shows the corresponding decrease in zinc, ZIP3, and RREB-1 in the same PanIN lesion from a carcinoma case versus the levels in a benign tissue. This was possible since we had serial sections of this carcinoma tissue. The PanIN DTZ and ZIP3 IHC staining was performed on the same tissue section for the same PanIN lesion. The PanIN RREB-1 staining was performed on the next serial section that was stained for Zn-DTZ and ZIP3 shown in Fig. 1d , e. The results show that the distinct decrease in zinc, ZIP3, and RREB-1 exists simultaneously in the same PanIN lesion. Also evident is the apparent decreases in the initial PanIN columnar cells, in the transdifferentiated "cuboidal-like" cells, and in the released cuboidal adenocarcinoma cells that are forming adenocarcinoma ducts.
The consistent concurrent decrease in RREB-1 and ZIP3 is suggestive of the possible involvement of RREB-1 in the Fig. 2 . Note the distinct heavy nuclear staining of the benign epithelium, which is lost in adenocarcinoma silencing of ZIP3 in the development of adenocarcinoma. We previously reported [2] that Panc1 cells, a cell line developed from ductal adenocarcinoma, exhibit ZIP3 expression although ZIP3 is downregulated in situ. Figure 12 shows the nuclear staining of RREB-1, which demonstrates that it is also reexpressed in Panc1 cells along with ZIP3, and this is corroborated by the western blot demonstration of RREB-1 and ZIP3.
We then determined if downregulation of RREB-1in the Panc1 cells would result in a corresponding decrease in ZIP3, and this was confirmed by the corresponding decreases in REBB-1 and ZIP3 (Fig. 12b) . Moreover, we have identified RREB-1 consensus sequences in the ZIP3 gene (unpublished information). Collectively, the clinical studies and these initial experimental results provide evidence that the concurrent decrease in RREB- Fig. 9 RREB-1 IHC of TMA normal versus carcinoma cores. A and B are different cases of cancer adjacent normal and carcinoma cores. C is an enlargement of B to show detail of RREB-1 nuclear staining. Note the distinct heavy nuclear staining of the normal epithelium, which is absent in adenocarcinoma and PanIN epithelium Fig. 10 RREB-1 IHC of benign versus adenocarcinoma tissue sections. The benign section is from a chronic pancreatitis case and exhibits some pathological appearance. Note the distinct heavy nuclear staining of the benign epithelium, which is lost in adenocarcinoma and PanIN epithelium 1 in PanIN and in adenocarcinoma contributes to the silencing of ZIP3.
Discussion
These results corroborate our earlier report that cellular zinc levels are markedly decreased in pancreatic adenocarcinoma as compared to normal ductal and acinar epithelium. Additionally and most importantly, we now show that the decrease in zinc is also evident in PanIN epithelium through all stages of PanIN development including the putative invasive ductal adenocarcinoma cells.
These combined studies of relative zinc levels in pancreatic tissues establish the new relationship that zinc levels are decreased in pancreatic adenocarcinoma. Most surprisingly, Fig. 11 H&E, DTZ stain and ZIP3 and RREB-1 IHC of the same PanIN lesion from a carcinoma tissue versus benign tissue section. D and E are the same tissue section; F and G are adjacent serial sections of the D and E section our studies represent the only reports of direct determination of zinc levels in pancreatic normal exocrine and adenocarcinoma tissues. The lone exception is a preliminary study with only one tissue sample, which suggested that a decrease in zinc level might be associated with pancreatic adenocarcinoma [6] . However, another report [7] concluded that zinc levels are increased in pancreatic adenocarcinoma, but no direct measurements of the zinc levels in human pancreatic tissues were performed or provided. Our combined reports that collectively involved zinc level determinations in numerous pancreatic tissue samples have not shown any evidence of an increase in zinc levels in adenocarcinoma.
The results of this study also corroborate the downregulation of ZIP3 transporter and RREB-1 transcription factor concurrently with the decrease in zinc and that these changes are evident in early stage malignancy and persist in advancing malignancy. This indicated that these concurrent events must have been initiated prior to their appearance in well-differentiated malignancy, most likely in premalignant lesions/cells that progress to malignant cells. For this reason, we focused on the identification of these changes in PanIN lesions. It is now apparent that the decrease in zinc and downregulation of ZIP3 and RREB-1 exist in PanIN epithelium as well as in early stage malignancy. The concurrent loss of zinc, ZIP3, and REBB-1 is evident in the early stage PanIN epithelium and persists though the PanIN transformation to the putative invasive ductal adenocarcinoma cells and ultimately persists in early stage malignancy through the advanced stage malignancy. A prevailing view is that PanINs, especially PanIN 2 and PanIN 3, are precancer lesions that give rise to ductal adenocarcinoma (for reviews, see [3] [4] [5] ). Scarlett et al. [3] have presented the concept of the involvement of PanIN lesions in the transformation of normal ductal epithelium to ductal adenocarcinoma, which is shown in Fig. 13 . The results that we have achieved mimic their concept and implicate the loss of zinc and downregulation of ZIP3 and RREB-1 at the initial transformation of the normal ductal epithelium to the early PanIN development, which is sustained through the PanIN transformation to ductal adenocarcinoma.
It is now apparent that the decrease in zinc and the downregulation of ZIP3 and RREB-1 are early pancreatic carcinogenic events that occur in the progressive transformation of the normal cell to the malignant cell. The consistency of these concurrent changes supports the concept that they are related events. ZIP3 transporter localization at the basilar membrane of the normal ductal and acinar epithelium is compelling compared to the non-target (NT) siRNA control. "Scan ratio" is determined from the optical density of the blots adjusted to b-actin. The ratio is the adjusted RREB siRNA/non-target siRNA Fig. 13 The relationship of zinc, ZIP3, and RREB-1 changes to the concept of PanIN as the precancer lesion in the development of ductal carcinoma [3] . Modified from [3] with permission of the publisher evidence that it functions to take up zinc from circulation to maintain the required normal level of cellular zinc. Its downregulation in PanIN and in adenocarcinoma results in decreased zinc uptake and cellular accumulation. Therefore, the silencing of ZIP3 expression resulting in the loss of the transporter is an important factor that results in the decrease in zinc in adenocarcinoma. RREB-1 is a zinc finger transcription factor that has been described either as an activator of gene transcription [8] [9] [10] [11] , or as a repressor of gene expression [12] [13] [14] [15] , the action of which is dependent upon the gene and cell type [16] . Our clinical and experimental evidence leads to the expectation that RREB-1 is a positive modulator of ZIP3 gene expression in normal ductal and acinar epithelium, and the downregulation of REBB-1 in PanIN and adenocarcinoma contributes to the silencing of ZIP3 expression. We are now proceeding with studies to establish the role of RREB-1 in the regulation of ZIP3 expression.
The decrease in zinc in PanIN lesions and adenocarcinoma is likely required to prevent the cytotoxic effects that normal cellular levels of zinc impose on malignant cells. Exposure of malignant pancreatic cells to physiological levels of zinc under conditions that increase the cellular accumulation of zinc results in inhibition of cell growth [2, 17, 18] . Therefore, it is plausible to expect that in situ restoration of increased zinc levels in precancerous lesions and in carcinoma cells will prevent and/or abort pancreatic malignancy. However, a critical revelation of this study and our previous report is the in situ silencing of ZIP3 in the development and progression of adenocarcinoma. This condition likely necessitates that any potential zinc treatment or zinc prevention approach will require a vehicle or process that facilitates the uptake of zinc by the malignant or premalignant cells. This relationship could lead to the development of a zinc-associated chemotherapeutic agent to combat, and possibly prevent, this untreatable deadly cancer.
